In metazoans, splicing of introns from pre-mRNAs can occur by two pathways: the major U2-dependent or the minor U12-dependent pathways. Whereas the U2-dependent pathway has been well characterized, much about the U12-dependent pathway remains to be discovered. Most of the information regarding U12-type introns has come from in vitro studies of a very few known introns of this class. To expand our understanding of U12-type splicing, especially to test the hypothesis that the simple base-pairing mechanism between the intron and U12 snRNA defines the branchpoint of U12-dependent introns, additional in vitro splicing substrates were created from three putative U12-type introns: the third intron of the Xenopus RPL1a gene (XRP), the sixth intron of the Xenopus TFIIS.oA gene (XTF), and the first intron of the human Sm E gene (SME). In vitro splicing in HeLa nuclear extract confirmed U12-dependent splicing of each of these introns. Surprisingly, branchpoint mapping of the XRP splicing intermediate shows use of the upstream rather than the downstream of two consecutive adenosines within the branchpoint sequence (BPS), contrary to the prediction based on alignment with the sixth intron of human P120, a U12-dependent intron whose branch site was previously determined. Also, in the SME intron, the position of the branchpoint A residue within the region base paired with U12 differs from that in P120 and XTF. Analysis of these three additional introns therefore rules out simple models for branchpoint selection by the U12-type spliceosome.
INTRODUCTION
In higher eukaryotes, a minority of introns are excised by a distinct low-abundance spliceosome that involves the U12 snRNP+ Although not as well characterized as its classical U2-dependent counterpart, the U12-dependent spliceosome has provided general insights into the mechanism of pre-mRNA splicing+ The assembly of the U12-dependent spliceosome follows a pathway comparable to that of the major spliceosome, with the U11, U12, U4atac, and U6atac snRNPs replacing the U1, U2, U4, and U6 snRNPs (Tarn & Steitz, 1997; Burge et al+, 1999 )+ U5 is the only snRNA shared by the two spliceosomes, but the list of common protein factors is growing (Luo et al+, 1999; )+ Although the corresponding snRNAs are quite different in sequence, their secondary structures as well as the snRNA-snRNA and snRNA-substrate interactions they undergo during the course of splicing are analogous in the two systems (Tarn & Steitz, 1996a; Frilander & Steitz, 2001 )+ Recently, it has been shown that the Drosophila melanogaster U12 and U6atac genes are required and play essential roles in development (Otake et al+, 2002) + During the splicing of U12-dependent introns, the branchpoint sequence is recognized by base pairing with the U12 snRNP in one of the earliest steps committing an intron to the minor splicing pathway (Hall & Padgett, 1996; Tarn & Steitz, 1996b; Frilander & Steitz, 1999 )+ U2-dependent introns have loosely conserved sequences at the branchpoint as well as at the 59 splice site and 39 splice site (Burge et al+, 1999; Moore, 2000; Reed, 2000) , with the most conserved features being the terminal dinucleotides GT and AG+ In contrast, U12-dependent introns contain more highly conserved sequences at the 59 splice site and branchpoint that are different from the U2-type consensus sequences (Jackson, 1991; Hall & Padgett, 1994; Sharp & Burge, 1997; Tarn & Steitz, 1997 )+ Their preferred terminal dinucleotides are either AT-AC or GT-AG (Dietrich et al+, 1997; Sharp & Burge, 1997; Levine & Durbin, 2001) , with only an 8 to 21 nt spacing between the branch site and the 39 splice site (Dietrich et al+, 2001a; Levine & Durbin, 2001 )+ An early bioinformatic study identified at least 60 nonredundant genes containing U12-dependent introns from a variety of organisms (Burge et al+, 1998 )+ More recently, the completed human genome sequence was scanned, yielding over 400 candidates for U12-type introns (Levine & Durbin, 2001 )+ However, only a few of these introns-from the human nucleolar protein (P120) gene (Hall & Padgett, 1996; Tarn & Steitz, 1996b) , the human gene encoding the voltage-gated skeletal muscle sodium channel a subunit (SCN4A; Wu & Krainer, 1996) , human ADPRP (Dietrich et al+, 1997) , and three Drosophila genes (prospero, involved in neural development, CT23545, and CT36969; Otake et al+, 2002) -have actually been demonstrated to splice in a U12-dependent manner+ In U2-dependent splicing, there is strong preference for adenosine as the branchpoint nucleophile+ When the A within the branchpoint consensus sequence, YURAC, is mutated to another nucleotide, a nearby A is used instead of the mutated residue (Query et al+, 1994 (Query et al+, , 1996 + In U12-dependent introns, the branchpoint sequence (BPS), UUUCCUUAACYCY, is longer and more highly conserved (Burge et al+, 1998) and exhibits extensive complementarity to U12 snRNA (Hall & Padgett, 1996; Tarn & Steitz, 1996b )+ This suggests that U12 is more stringent than U2 in its selection of the BPS and that the selection may be decided at the level of U12•BPS base pairing+ However, to this point, the identity of the branchpoint nucleotide has been determined only for P120 (Tarn & Steitz, 1996b ) of all the U12-type introns so far identified+ Here, the in vitro splicing of three U12-dependent introns was investigated using HeLa nuclear extracts+ The substrates were derived from the genes for Xenopus RPL1a (XRP), a ribosomal protein, Xenopus TFIIS+oA (XTF), a transcription factor, and human Sm E (SME), a core snRNP protein, each representing a different machinery in the gene expression pathway+ We demonstrate that the three substrates all assemble into U12-type spliceosomes in vitro and identify the branchpoint nucleotide used in their excision+ The mapping of these branchpoint adenosines challenges the simplicity of current models for the U12•BPS interaction+
RESULTS

U12-dependent introns
To expand the repertoire of introns demonstrated to splice via the U12-dependent pathway, we selected candidates for their variety of BPS sequence, original intron position, and gene function+ We constructed three new splicing substrates containing at least 41 nt of 59 and 39 exon sequences flanking the U12-type intron (Table 1 )+ To enhance in vitro splicing, the lengths of the introns were shortened by truncation upstream of the putative branchpoint region for the XTF and SME substrates (see Materials and Methods)+ All three introns exhibit strong U12-type consensus sequences at the 59, 39, and branchpoint regions+ XTF follows the P120 hallmark of AT-AC terminal nucleotides, whereas XRP and SME have GT-AG termini, like most U2-dependent introns+ Each intron does, however, present some challenges for selection of the branchpoint aden- a The intron number is that intron which is U12 dependent and the number in parentheses is the total number in the gene+ The total lengths of some introns were reduced to enhance in vitro splicing; shown is the actual length of the intron used and the natural intron size in parentheses+ The bold letters of the splice sites indicate the terminal dinucleotides of the introns and the bold a in the branch site is the nucleophile for the first step of slicing+ 580 T.S. McConnell et al.
osine+ Whereas XRP has an apparently generic U12 consensus branchpoint sequence, XTF has three consecutive adenosines, and SME has a G at the predicted branchpoint position with an A immediately upstream (see Table 1 )+
The U12-dependent spliceosome assembles on the XRP, XTF, and SME substrates During assembly of the U12 spliceosome on the P120 intron, RNA-RNA interactions that can be detected by psoralen crosslinking form early between U12 and the BPS, followed by a second set of psoralen-detectable interactions corresponding to the formation of helices Ia and Ib between U12 and U6 atac in the active site of the spliceosome (Tarn & Steitz, 1996a , 1996b Frilander & Steitz, 2001 )+ We first asked whether similar crosslinks could be detected for the XRP, XTF, and SME splicing substrates and whether the formation of these crosslinks would require the expected U12/BPS interactions+ Even though XRP and XTF originate from Xenopus, we used HeLa nuclear extract because previous attempts in our laboratory failed to produce observable U12-dependent splicing in Xenopus oocytes (Y+-T+ Yu, M+-D+ Shu, & J+A+ Steitz, unpubl+ results)+ As seen in Figure 1 , in the presence of a 29-O-methyl oligoribonucleotide complementary to the U2 BPS binding region (U2b), which prevents the nonproductive interaction of the U2 snRNP with the substrate (Tarn & Steitz, 1996b) , we observed the formation of psoralen crosslinks between U12 and other RNA constituents by probing a northern blot for U12+ Subsequent probing for U6 atac and for each of the three new substrates plus the P120 control (data not shown) identified the crosslinking partner of U12 in each band+ Figure 1 , lanes 3 and 4, show that both a U12•BPS and two U12•U6 atac crosslinks form with the control P120 substrate and do not appear when U12 is blocked by a 29-O-methyloligoribonucleotide complementary to the BPS-pairing region of U12 (U12a, Fig+ 1, lane 5)+ The SME substrate FIGURE 1. U12-and U6atac-specific crosslinks form with the SME, XTF, and XRP substrates+ Splicing reactions containing 29-O-methyl oligonucleotides complementary to U12 (U12a, or a above the lane) or U2 (U2b, or b above the lane) were exposed to 365 nm light (indicated by ϩ above the lane) in the presence of psoralen+ Purified RNA was resolved on a 5% denaturing gel, transferred to nylon membrane, and the resulting northern blot probed for U12 snRNA+ A cross-reacting band (*) detected even in the absence of UV irradiation either ran below or comigrated with the lower U12•U6 atac crosslink (helix Ib), depending on the experiment+ Lane 1 contains a molecular weight marker, a 32 P-labeled pBR322 MspI digest+ Lane 2 is a control reaction without any added substrate RNA+ In other respects, the three introns behave like other U12-dependent introns studied+ Stimulation of splicing by the presence of flanking introns, as described for the sodium channel intron (Wu & Krainer, 1998 , was confirmed by adding an upstream polypyrimidine tract or a downstream U1 binding site; in each case, a two-to fivefold increase in spliceosome assembly as measured by U12-dependent crosslinks was observed (data not shown)+ Chimeric substrates created from P120 and XRP sequences to test the role of a purinerich sequence in the 59 exon of P120 exhibited moderately enhanced spliceosome assembly+ Exonic enhancers have been demonstrated to modulate U12-type splicing (Dietrich et al+, 2001b; Hastings & Krainer, 2001) , and this putative exonic splicing enhancer fits the GAR repeat consensus for SR protein binding (Lavigueur et al+, 1993; Sun et al+, 1993; Watakabe et al+, 1993; Ramchatesingh et al+, 1995 
)+
Identifying lariat intermediates and mapping the branchpoint nucleotides
The truncated forms of the XRP and XTF introns, as well as the full-length SME intron, yielded observable splicing intermediates and products in the HeLa in vitro system+ On a 10% denaturing gel, lariat intermediate was best visualized by 39-end labeling of the substrate, as shown for XRP in Figure 2A+ migrating band as lariat intermediate+ (Note that a majority of substrate was cleaved to a distinct RNase H product in each case+) Similar characterization identified the lariat intermediates generated during the splicing of the XTF and SME U12-type introns (data not shown)+ To obtain adequate amounts of U12-dependent lariat intermediates for analysis, large scale splicing reactions (200 mL) were resolved (as in Fig+ 2A) , and the lariat intermediates were isolated and subjected to primer extension with reverse transcriptase to identify their branchpoint nucleotides+ In each case, a 59-32 Plabeled deoxyoligonucleotide complementary to exon 2 was used as primer and the products were run in parallel with a DNA sequencing ladder (Fig+ 2B)+ For SME, primer extension produced a stop that aligns with the G residue ( Fig+ 
DISCUSSION
Because of the extensive potential base pairing with U12 evident just upstream of the putative branchpoint A residue in virtually all U12-type introns, our expectation was that branchpoint nucleotide selection would be easily predictable+ Yet, the four experimentally determined branch sites compiled in Figure 3 demonstrate that this is not the case+ Two introns (P120 and XTF) follow one rule, whereas the other two (XRP and SME) follow another with regard to the position of the branch site A relative to the register of base pairing between the intron and U12+ For the SME intron, only a single A is present: Its utilization shows that strong preference for an A as the branchpoint nucleotide is 582 T.S. McConnell et al.
conserved between the U2 and U12 spliceosomes+ However, the unexpected observation that XRP uses the upstream rather than the downstream A argues against any simple explanation for choice of the nucleophile for the first step of U12-dependent splicing+ We can rule out several trivial explanations for the apparent complexity of the situation+ First, the primer extension blockage results have been reproduced over a period of greater than a year by different experimenters and appear unambiguous (see Fig+ 2B)+ If both As in XRP were used with some frequency, an additional stop 1 nt upstream would have been detected+ Second, the two Xenopus introns fall into two different classes, so a species specificity in branch-site selection is not the explanation+ Third, the two artificially shortened introns (XTF and SME) likewise fall into two different classes, arguing against the possibility that manipulation has altered branch-site selection in the splicing substrate from that occurring in the original intron+ Fourth, the distances between the observed branchpoint A residue and the 39 splice sites all fall within the 8 to 21 nt spacing recently deduced from bioinformatic analyses of U12-type introns (Dietrich et al+, 2001a; Levine & Durbin, 2001 )+ Fifth, neither the identity nor the strength of any BPS•U12 base pairs that might potentially form proximal to the 39 splice site can explain the grouping into two different classes+ Note that, even in the U2-dependent spliceosome, the base pairing of the nucleotide 39 to the branch site A residue has not been established (Query et al+, 1994 )+ Although we cannot pinpoint the exact basis for the differential branchpoint usage, we do observe two in- , it can be seen that the contiguous intermolecular Watson-Crick base pairing for XRP and SME extends upstream of the BPS beyond the consensus defined by Burge et al+ (1998) , whereas for P120 and XTF, it is shorter than the consensus+ This suggests that a stronger U12•BPS interaction may lead to the use of the upstream A whereas a weaker interaction activates the downstream A+ A second correlation evident in Figure 3 is between the terminal dinucleotides of each intron and branch site usage: Among the splicing substrates examined in our study, the GU-AG introns (SME and XRP) choose the upstream A whereas AU-AC introns (P120 and XTF) select the downstream A as the branchpoint for the U12-type spliceosome+ Because the BPS recognition by U12 does require simultaneous binding of the U11 snRNP at the 59 splice site (Frilander & Steitz, 1999) , the sequence at the 59 end of the intron could change the affinity of the U12 snRNP for the branch site-thus providing a possible explanation for the observed correlation+ An alternative possibility is that any BPS recognition step occurring prior to U12 snRNP association might determine branch nucleotide selection+ In the U2-dependent spliceosome, two protein interactions are believed to assist in the choice and bulging of the correct A+ The structure of splicing factor 1 (SF1) associated with a canonical U2-dependent BPS has recently been solved by NMR (Liu et al+, 2001) and reveals a bulged A in the anticipated position (UAUACUAACAA); but it is not known whether SF1 or a similar factor is used by the U12-type spliceosome+ A second protein, p14, can be crosslinked to the branch site adenine in the U2-dependent pre-spliceosome and spliceosome (at least until the first step; MacMillan et al+, 1994); p14 is also present in the U12-type spliceosome ), but nothing that is known concerning this factor would explain our unanticipated results+
In the U2-dependent splicing system, Query et al+ (1994) carried out detailed analyses of branch-site formation and concluded that either of two adjacent purines within a strong branchpoint consensus sequence (UGCURRC) could be used alternatively+ In the U12-dependent system, the BPS consensus sequence is much more conserved (UUUCCUUAACYCY), but interestingly, the two positions in the U2-dependent system correspond to those we have documented in the U12-dependent system (see Fig+ 3)+ However, despite the high level of conservation in the U12-dependent system, there is still some flexibility to permit G in either purine position+ For example, SME is one of at least four U12-dependent introns that has a G at the downstream purine position of the putative BPS consensus, whereas at least eight have a G upstream of the putative branchpoint A in the original set of U12-type introns compiled by Sharp and Burge (1997) + Although the unexpected selection observed for the XRP substrate is still not explained, the parallels between the two splicing systems are underscored+ A mechanistic explanation for our observations may come from the recent determination of the crystal structure of domains 5 and 6 of a group II self-splicing intron+ The structural data unexpectedly reveal that not only the nucleophilic adenosine but also its 39 neighbor are bulged from the domain 6 helix (Zhang & Doudna, 2002 )+ Perhaps this is also true of the U12-dependent (and the U2-dependent) spliceosome, allowing flexibility in the choice between two adjacent A residues+
MATERIALS AND METHODS
Plasmids and splicing substrates
The XRP construct was created by amplifying a portion of the Xenopus RPL1a gene from Xenopus total genomic DNA using nested PCR+ A fragment containing nt 2331 to 2817 of the RPL1a gene (according to GenBank accession number X06552) and a promoter for T7 RNA polymerase were subcloned into the HindIII and EcoRI sites of pSP64 adding 5 nt to the transcript at the 39 end+ The sequence agreed with the GenBank sequence with the exception of two deletions in the intron-one of 2 nt 21 residues downstream of the 59 splice site (2459-2460) and another of 13 nt 41 residues upstream of the branch site (2610-2623)+ The XTF construct was created by likewise amplifying nt 155 to 260 and 747 to 962 of the Xenopus TFIIS+oA gene (GenBank accession number X97662)+ The 59 and 39 fragments contained heterologous SpeI sites at their 39 and 59 ends+ The two fragments were digested with HindIII, SpeI, and Sal I and subcloned into the HindIII and Sal I sites of pSP64+ The resulting transcript added FIGURE 3. Branchpoint selection by the U12-dependent spliceosome+ The schematic shows the terminal dinucleotides and potential contiguous base pairing of U12 with each intron whose branchpoint has been mapped+ Lines and dots indicate Watson-Crick and AG or GU pairs, respectively+ The nucleophilic branchpoint A is in larger font+ The lengths (⌺) are the total number of nucleotides between the nucleophilic A and the 39 splice site+ The U12-type consensus sequence is from Burge et al+ (1998)+ The 39 sequence of U12 shown (AUAAC) can alternatively base pair with U6 atac to form a putative U6 atac /U12 helix III (Sun & Manley, 1995; Tarn & Steitz, 1996a)+ 584 T.S. McConnell et al.
2 Gs at the 59 end for T7 initiation, the 6 nt of the SpeI site in the intron and 4 additional nucleotides of the Sal I site at the 39 end+ The SME construct was created similarly from human total genomic DNA and contained nt 730 to 902, a heterologous SpeI site, and nt 1260 to 1348 (GenBank accession number M21253)+ The resulting transcript added 2 Gs at the 59 end for T7 initiation, the 6 nt of the SpeI site in the intron and 5 additional nucleotides of an XbaI site at the 39 end+ All constructs were confirmed by sequence analysis (Keck DNA Sequencing Lab, Yale University)+ Plasmids were linearized by cleaving at the 39 restriction site (EcoRI for XRP, Sal I for XTF, and XbaI for SME) to create templates for in vitro transcription+ Reactions were carried out in 250 mL containing: 600 mM ATP, CTP, and UTP; 60 mM GTP; 1+6 mM GpppG (cap), ;200 ng/mL template DNA, and approximately 4 U/mL T7 RNA polymerase+ Substrates were purified on a 5% or 6% denaturing polyacrylamide gel+ For splicing and primer extension reactions, the substrates were 39-end labeled with a-32 P-cordycepin (Lingner & Keller, 1993) and subsequently purified on a 6% denaturing polyacrylamide gel+
Splicing reactions and ribonuclease H analysis of the lariat intermediate
The reaction conditions for in vitro splicing were essentially as described (Tarn & Steitz, 1994 , 1996b : 60% HeLa nuclear extract, 1 U/mL Ribonuclease inhibitor (Boehringer-Mannheim), 2 mM dithiothreitol, 20 mM creatine phosphate, 0+5 mM ATP, 2+5 mM MgCl 2 , and 10 mM KCl+ The concentrations of 29-Omethyl oligonucleotides U2b (complementary to nt 27-49 of U2 snRNA) and U12a (complementary to nt 11-28 of U12 snRNA) were 4+8 mM and 0+5 mM, respectively+ The nuclear extract was incubated at 30 8C with the various 29-O-methyl oligonucleotides for 10-15 min prior to substrate addition+ To confirm the identification of lariat intermediates, ribonuclease H digestions were carried out on splicing reactions after 5 or 6 h (the last time point) by adding 20 mM of DNA oligonucleotide and 1 U (per 12+5 mL splicing reaction) ribonuclease H (Boehringer-Mannheim), followed by an additional 20 min at 30 8C+ The 59 exon, intron, and 39 exon oligonucleotides, respectively, were GAATACGAGCAACG, CGATATTC GTCAGT, and TCTTAGTTGGGGCAAACA for XRP, AGCAC CAAGTTCAT, GGTACAAAACTAGT, and TTGTATTTTGCA TCTGTGTT for XTF, and ACGCCATGGTGGAA, CGCACCC CGTATTC, and CAACTTACGTACATTTTGTA for SME+ The reactions were subsequently treated with proteinase K, extracted with phenol-chloroform-isoamyl alcohol (PCA), and precipitated with ethanol+ The products of splicing and of ribonuclease H digestion were separated on a 10% denaturing polyacrylamide gel+
Psoralen crosslinking
Splicing reactions were carried out as described above (except that the concentration of unlabeled splicing substrate was increased to 20 nM and approximately 1% polyvinyl alcohol (PVA) was added) and incubated at 30 8C for 40 min+ Samples were then transferred to ice, received 49-aminomethyl-4, 59,8-trimethyl (AMT) psoralen to a final concentration of 20 mg/mL, and were irradiated with 365 nm UV light for 10 min as described previously (Sontheimer, 1994; Frilander & Steitz, 1999 )+ After proteinase K treatment, phenol extraction, and ethanol precipitation, the crosslinked RNAs were resolved on a 5% denaturing polyacrylamide gel+ The RNAs were subsequently transferred to Zeta-Probe (Biorad) membranes at 15 V in 0+5ϫ Tris-borate-EDTA (TBE) buffer overnight+ The membranes were prehybridized at 42 8C for 2 h in 25 mM sodium phosphate, pH 6+5, 6ϫ SSC, 5ϫ Denhardt's solution, 0+5% SDS, 50% formamide (with riboprobes), and 9 mg carrier RNA+ They were hybridized at 42 8C overnight with ;5-10 ϫ 10 6 cpm U12-specific antisense riboprobes, produced by in vitro transcription as described previously (Wassarman & Steitz, 1992; Tabak, 1993; Tarn & Steitz, 1996b )+ DNA oligonucleotide probes were used to visualize U6 atac -and substrate-specific crosslinks+ The membranes were then washed at room temperature for 15 min per step, first in 2ϫ SSC and 0+1% SDS, then in 0+5ϫ SSC and 0+1% SDS, and in 0+1ϫ SSC and 0+1% SDS, then finally at 55 8C in 0+1ϫ SSC and 0+1% SDS+ To reprobe membranes, they were first stripped by boiling in 0+1ϫ SSC and 0+5% SDS for 15 min+ Mapping the branchpoint by primer extension using reverse transcriptase Splicing reactions were carried out as above using 2 to 10 fmol 32 P-labeled splicing substrate in a reaction volume of 200 mL and incubating for 6 h+ The products were separated on a 10% denaturing polyacrylamide gel and the lariat intermediate was excised from the gel, purified, and used as the template for primer extension (AMV RT, Roche) with the same oligonucleotides as used for 39 exon targeting in the ribonuclease H digestions+ A 5 ϫ 10 5 cpm 59-phosphorylated primer was prehybridized to each template by heating at 95 8C for 1 min, then allowing the mixture to cool at room temperature for ;20 min+ Extension was carried out at 42 8C for 45 min with 0+5 mM dNTPs+ The dideoxy sequencing ladders were obtained by adding 0+1 mM ddNTP to four different reverse transcriptase reactions+ The reactions were subsequently treated with ribonuclease A at 42 8C for 5-10 min, with an equal volume of 10 M urea at 50 8C for 20 min, and with proteinase K+ After PCA extraction and ethanol precipitation, the extension products were separated on a 10% denaturing polyacrylamide gel and analyzed with a Molecular Dynamics PhosphorImager+
